Abstract-Lower extremity rehabilitation has seen recent increased interest. New tools are available to improve gait retraining in both adults and children. However, it remains difficult to determine optimal ways to plan interventions due to difficulties in continuously monitoring outcomes in patients undergoing rehabilitation. In this paper, we introduce an extension of the Force Field Adaptation Paradigm, used to quantitatively assess upper extremity motor adaptation, to the lower extremity. The algorithm is implemented on the Lokomat lower extremity gait orthosis and utilized to assess short-term motor adaptation. Establishing an understanding of how healthy adults' motor systems adapt to external perturbations will be important to understanding how the adaptive mechanisms involved in gait are altered by disease.
I. INTRODUCTION
HE field of lower extremity rehabilitation has recently witnessed a surge in interest. Devices such as the PAM/POGO [1] , the LOPES [2] , and the LOKOMAT [3] have played a key role in this trend. Robots allow highly repeatable interventions and serve as instruments to quantify the rehabilitation progress. Despite the current high cost of many of these devices, the introduction of FDA-approved robotic gait retraining devices in the clinic is an important step toward assessing the efficacy of these tools via randomized multi-centered clinical trials.
Initial studies of robotic technologies for lower extremity rehabilitation interventions show high variability in individual responses [4] [5] [6] [7] . Many aspects of robot-assisted gait training could contribute to the differences seen in motor gains across subjects. The level of patient engagement during the rehabilitation session is a factor associated with the magnitude of the observed motor gains. Several researchers have hypothesized that the patient's baseline condition (i.e. pre-rehabilitation functional state and impairment level) correlates with the magnitude of observed motor gains. Additionally, mechanical constraints imposed by the robotic system itself (e.g. limitations in the degreesof-freedom imposed at the pelvis) may play a role in the observed variability in rehabilitation outcomes across patients. Since motor adaptation refers to learning through the alteration of motor commands in response to changes in the environment, by quantifying the adaptive process during rehabilitation one can gain insight into the factors that govern this variability. One would anticipate that adaptations observed during performance of the training session in response to forces generated by the robotic system would be predictive of rehabilitation outcomes.
The goal of the work herein presented is to develop a platform to quantify the motor adaptations that occur during gait retraining -one of the above-mentioned factors that we see as responsible for the observed variability in rehabilitation outcomes following robot-assisted gait training. Specifically, we developed a methodology to characterize the rates of lower extremity motor adaptation in a group of healthy adults. The proposed methodology is an extension of a paradigm originally used to test motor adaptation in the upper extremities. The basis for this paradigm is the introduction of velocity-dependent force perturbations perpendicular to the direction of movement that induce trajectory errors to which the subjects must then adapt. Measurement of a subject's adaptive compensatory forces and restoration of movement kinematics during and after the removal of these perturbations can be used to determine the rates of motor adaptation. In future studies, we plan to establish a methodology for comparing motor adaptations between healthy individuals and patients based on the work herein presented. The methodology will also provide a potential tool for assessing the efficacy of different rehabilitation methodologies, in terms of the rates of adaption and the retention of motor skills.
II. METHODS

A. Force Field Adaptation Paradigm
Shadmehr and Mussa-Ivaldi [8] studied how the central nervous system adapts to changing environment dynamics as the hand interacts with a novel mechanical environment, i.e. an applied force field, using the force field adaptation paradigm (FFAP). In their experimental methodology, a practice period allows subjects to practice reaching while holding the end-effector (or end-point) of the robotic arm in In the upper extremity FFAP, subjects are asked to make rapid point-to-point movements to a target. In the lower extremity, subjects are asked to walk normally at a specified treadmill speed. The gait cycle can be considered a point-to-point movement where the beginning and end points coincide. (left of center) Force Field: In the upper extremity FFAP, a velocity dependent force field is applied perpendicular to the direction of movement. In the lower extremity FFAP, unit vectors along the baseline path can be used to define instantaneous coordinate systems oriented parallel and perpendicular to the path. Velocity-dependent force/torque perturbations are then applied along the instantaneous perpendicular direction. (right of center)After-Effect: In the upper and lower extremity FFAP removal of the force field results in a movement that is the mirror image of the path their limbs would have followed had they not compensated for the applied force field. (right) Error Clamp Movements: Upper Extremity FFAP/Lower Extremity FFAP -measurement of the interaction forces while the subject is forced to move along their original baseline path allows the adaptive forces to be assessed over time. These compensatory forces/torques can be compared to the ideal compensatory force (defined by the baseline velocity of the subject during baseline movements). Error clamps can be randomly interspersed within the baseline, force field, and unlearning phases at an occurrence of 20% in order to measure forces prior, during, and after adaptation. a force free condition (Baseline/Null-Field Movement). After this practice period, a perturbing velocity-dependent force is applied perpendicular to the direction of motion. That is, Over time, subjects adapt to the force field and re-achieved the baseline trajectory by generating compensatory forces. Upon removal of the force field and return to the baseline condition, the compensatory forces that subjects learn to apply drive their arms along trajectories that mirror the path their limbs would have followed had they not compensated for the applied force field. This mirroring, or after-effect, suggests the development of an internal model during the process of adaptation. Later experiments by Scheidt et al. [9] introduced errorclamp (EC) movements during which the subject's arm is limited to move along the original straight line trajectory. The result of error clamp trials is a minimization of the trajectory error between the original and current movement paths. Error clamp movements, interspersed during the force field condition, offer a window into the time course of the adaptive process by measuring the subject's lateral compensatory forces during imposed straight reaching movements. These measured forces can be compared against the applied force field, to determine how well the subject has adapted to the applied force field during the learning block condition. The coefficient of adaptation, a measure of the subject's current level of adaptation, is defined as 
B. Lower Extremity Force Field Adaptation Paradigm
Extension of the FFAP is a natural approach for testing motor adaptation in the lower limb. Yet the implementation of this paradigm carries a number of intrinsic difficulties for a lower limb system. Our extension of the FFAP to the lower extremity (LE-FFAP) relies on the following observations: 1. The cyclical gait pattern can be considered a point-topoint movement where the start and end points coincide. With this observation, in any coordinate system (joint, end-effector/ankle, Cartesian coordinates, etc.), the standard gait pattern is the curvilinear equivalent to the upper extremity straight line movements. 2. In the lower extremity, the subject's baseline gait pattern defines which movements are parallel to the baseline path. At each point along the gait pattern, a perpendicular direction to the path can be determined and perturbations can be applied in this direction. We 
is the transformation matrix from hip and knee coordinates to "path" coordinates at the 
Compensation to the applied perturbations can be
assessed by forcing the subject to walk along their baseline gait trajectory and measuring the generalized interaction forces perpendicular to the baseline path. This is accomplished through implementation of errorclamp trials.
During error-clamp movements, the joint torques ( ) k τ required to maintain the subject moving along their baseline path is equal and opposite to the torques applied by the subject. Because the perturbing force field is oriented perpendicular to the baseline path, the perpendicular component of the interaction torque during the The adaptation coefficient is then defined as in (3) (
where
is determined from the viscous coefficient B and the parallel velocity component during mean baseline locomotion.
The time course of the after-effect can be quantified by the perpendicular displacement from the baseline path at the point of maximum velocity/force. We define the perpendicular deviations from the baseline path as 
C. Implementation
The FFAP of Shadmehr and Mussa-Ivaldi [8] was extended to the lower extremity and implemented on the Lokomat lower extremity gait orthosis (Hocoma AG, Switzerland). The LE-FFAP begins with the collection of pre-baseline data with the Lokomat in a highly back-drivable state, which allows the subject to move freely within the Lokomat. Implementation of a new Lokomat mode of operation, termed Path Control [10] , allows subjects to naturally control the timing of their gait. The path control algorithm relies on the synchronization of the current gait cycle with a normalized reference gait cycle. This synchronization is accomplished via the algorithm of Aoyagi et al. [11] . The baseline condition of the LE-FFAP requires subjects to walk as freely as possible while attached to the Lokomat. Device loading of the subject was minimized via the generalized elasticity method of Vallery et al. [12] . This procedure utilizes the subject's own pre-baseline gait cycle and a model of the Lokomat dynamics to generate an elastic force field that minimizes subject effort required to move the orthosis along the gait trajectory while maintaining passivity of the control system.
D. Experimental Procedures
During the pre-baseline period, joint kinematics are recorded via potentiometers on the Lokomat. From prebaseline data, an average trajectory in the joint space is obtained. This information is used to generate a set of generalized elasticity coefficients that compensate for the machine dynamics via the method of Vallery et al. [12] . Additionally unit vectors parallel and perpendicular to the path are computed and used to determine the perturbation torques to be applied according to (5) .
The experimental procedure is broken into 3 blocks: 1) Baseline: the subject moves freely in a force-free condition 2) Force Field: the subject is able to walk freely, but with the addition of a velocity-dependent force field that is applied perpendicular to the path of motion.
3) Unlearning : Return to a force-free condition. The Lokomat is set to a selected speed of 3.0 km/hr for the duration of the experiment. The viscous damping coefficient, B , was set to 3.5 N·sec/rad. For brevity, error-clamp results are not presented herein.
III. RESULTS Observation of the time constants for the Force Field and Unlearning phases of the experiment suggests that the unlearning process occurs at a slightly slower rate than the adaptation process in this subject.
IV. CONCLUSIONS
The work herein presented demonstrates how the LE-FFAP can be used to assess lower extremity motor adaptation. Preliminary results validate the methodology by demonstrating after-effects analogous to those seen in the upper extremity. Future work will include analysis of both after-effects and the coefficient of adaptation in a group of healthy adult volunteers. Establishing an understanding of how healthy adults' motor systems adapt to external perturbations will be an important step towards understanding how the adaptive mechanisms involved in gait are altered by disease.
